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PLASMODIUM FALCIP4RUM-INFECTED ANOPHELES
STEPHENSI INCONSISTENTLY TRANSMIT MALARIA
TO HUMANS

LELAND S. RICKMAN, TREVOR R. JONES. GARY W. LONG.
SCOTT PAPARELLO. IMOGENE SCHNEIDER. CHRISTOPHER F. PAUL.
RICHARD L. BEAUDOIN, anp STEPHEN L. HOFFMAN
Nauonal Naval Medical Center, Bethesda, Marviand: Naval Medical Research Institute,
Bethesda, Marviand: Walter Reed Army Institute of Research, Washington, DC

Abstract.

Malaria was transmitted to only 5 of 10 volunteers bitten by 1-~2 .{nopheles

stephensi carrying sporozoites of the 3D7 clone of the NF54 strain of Plasmodium falcip-
arum 1n their salivary glands. Parasites were detectable by culture in blooa taken 7-10
days follow.ng exposure and by thick blood film 14-16.5 days after exposure. Infectivity
did not correlate with the numbers of sporozoites in the salivary glands.

Studies which preceded the first trials of ma-
laria sporozoite vaccines showed that the bites
of 5 .Anopheles stephensi infected with Plasmo-
dium falciparum reproducibly infected volun-
teers.! © When immunized volunteers were bit-
ten by 5 infected mosquitoes within 1 hr, there
was a significant delay in the onset of parasitem-
ia. but only 2 of 23 immunized volunteers did
not become infected with blood stage parasites.>-
" In rodent malaria models, antibody-induced
protective immunity can be overcome by in-
creasing the sporozoite inoculum.® In malaria en-
demic areas. some individuals are not exposed
to the bite of more than | or 2 infected mos-
quitoes per night. and may never be exposed to
5 infected mosquitoes within 1 hr. Therefore. it
has been suggested that the failure to show com-
plete protection in most volunteers previously
immunized with sporozoite vaccines may have
been due to challenging them with an unrealist-
ically large sporozoite inocuium.* ¢ Earlier stud-
ies disagree on the effect of the number of infec-
tive bites upon the onset of parasitemia and the
percentage of subjects ultimately infected.’-!'
These studies differ from current studies in |
important aspect. In the older studies, the mos-
quitoes were infected by feeding upon gameto-
cytemic humans: the mosquitoes used in our
studies are infected by membrane feedings on
gametocytemic biood containing parasites that
have been maintained in in vitro culture for sev-
eral vears. This current study was designed to
determine the fewest number of bites by infected
mosquitoes required to reliably transmit P. fal-
ciparum of the 3D7 clone of the NF54 strain to
all members of a study population so that future

vaccine trials can be designed to maximize the
possibility of demonstrating protective immu-
nity.

MATERIALS AND METHODS

Subjects

Ter adult males, 25-39 vears of gge, were 1c-
cruited from the active duty military staff of the
Naval Medical Research Institute (NMRI) and
National Naval Medical Center (NNMC). The
protocol was approved by institutional review
committees at NMRI and NNMC, and written
informed consent was obtained from each vol-
unteer. None of the volunteers had cardiovas-
cular. liver, or renal function abnormalities. was
taking immuno-suppressive or antimalarial
medications. had been infected with malaria. had
antibodies to malaria sporozoites. blood stage
parasites. or human iimmunodeficiency virus, or
had hepatitis B surface antigenemia.

Parasites, mosquitoes, and
infection of volunteers

Tre 3D7 clone of the NF54 strain of P. fal-
ciparum, which is sensitive to chloroquine, pyr-
imethamine, and quinine, was used in this study.'*
It was maintained in culture through standard
methods.'- ' Mature gametocytes appeared in
cultures 14-16 days post-inoculation. Three days
after reaching adulthood. laboratory-reared An.
stephensi were infected by membrane feeding
upon gametocyte-rich cultures and were main-
tained during the extrinsic incubation period with
dry sugar and water-soaked cotton balls. Sixteen
to 17 days after the bloodmeal. the mosquitoes
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were permitted to feed on the volunteers. Each
volunteer received a bite from a mosquito which
was subsequently dissected to demonstrate the
presence of blood engorgement and sporozoites
in the salivary glands. The numbers of sporo-
zoites in the salivary glands of a mosquito were
graded as follows: 1-10 = 1+, 11-100 = 2+,
101-1.000= 3+, and >1.000 =4 +. A mosquito
was considered possibly to have delivered spo-
rozoites if she was engorged with blood and had
sporozoites in her salivary glands. In the first
experiment, 5 volunteers weie exposed to mos-
quitoes until each subject received 1 such bite:
in the second experiment. 5 voluntecrs were ex-
posed to mosquitoes until each subject received
2 such bites.

Diagnosis of malaria

Twice daily, beginning on day § post-exposure
and thereafter until they became parasitemic or
until day 30. volunteers were examined by an
investigator. Two hundred high-power fields
(1,000 x) ¢f thick blood films w.oie examined for
malaria. Parasite concentrations per ul blood were
quantitated by a modification of the method of
Earle and Perez.” '* Daily, beginning on day 5,
blood samples from each volunteer were estab-
lished in culture. One ml of heparinized blood
was centrifuged and the plasma and buffy coat
removed. The cells were washed in serum-free
RPMI 1640. Erythrocytes were resuspended in
medium containing 10% heat-inactivated serum
and incubated in a candle jar. The medium was
changed on alternate days and Giemsa-stained
thin films were examined weekly. Resuits from
culture experiments were not considered in the
clinical management of subjects.

Treatment of malaria

When parasites were detected on thick blood
film, the subject was treated with 1,500 mg of
oral chloroquine base given over 48 hr.'s The
volunteer and blood films were examined twice
daily until the volunteer was asymptomatic and
3 consecutive films were negative. Subjects who
did not develop a blood-stage infection were giv-
en the same chloroquine regimen at day 30 post-
exposure. Follow-up examinations were carried
out 3 and 7 weeks after day 30.

RICKMAN AND OTHERS

RESULTS
Infection of volunteers

In the first experiment, 42% of the mosquitoes
had sporozoites in their salivary glands. so that
a total of 12 mosquitoes fed on the volunteers
before all 5 had been exposed to an infected mos-
quito {1-4 mosquitoes/volunteer). Since only 3
of the 5 subjects developed malaria parasitemia
after being bitten by | infected mosquito. a sec-
ond experiment using 2 infected mosquitoes was
conducted. In this experiment. 63% of the mos-
quitoes were infected. It required exposure to 16
mosquitoes for all 5 volunteers to have been bit-
ten by 2 infected mosquitoes (2-6 mosquitoes/
volunteer) Parasitemia developed in 2 of the §
subjects who received bites from 2 infected mos-
quitoes (Table 1). Mosquitoes that fed on vol-
unteers who did and did not become infected
had salivary gland infections ranging from 2+
to 4+ (Table 1). Although the prepatent periods
ranged from 14-16.5 days as detected by thick
blood film, P. falciparum was cultured from blood
taken on days 7-10 (Table 1); parasites were
present in the circulation up to a week before
they could be detected by thick blood film. The
earliest blood sample from each subjcct that
proved to be positive by culture required 21 days
of culture before parasites were detected. Cul-
tures of blood samples taken on later days had
detectable parasites after as few as 4 days in cul-
ture.

Clinical findings

All volunteers who developed parasitemia also
developed fever. chilis. and myalgias: one subject
also complained of headache, and another ex-
perienced a 6 hr episodc of watery diarrhea (Ta-
ble 2). None of the subjects developed hepato-
megaly or splenomegaly. All symptoms and signs
resolved within 48 hr of initiation of therapy,
and only | of the subjects was sufficiently ili to
require absence from duty. Subject no. { was the
only subject hospitalized. He was hospitalized
overnight and was treated only with acetamin-
ophen in addition to chloroquine. His platelet
count dropped from 225.000/ul to 126.000/ul 2
days after chloroquine treatment began. This
subject also developed a mild leukopenia (3. 300
WBC/ul) and had pyuria (5--10 WBC/HPF) and
microscopic hematuria (5-10 RBC/HPF) for &
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TaBLE |
Valaria intections in normal humans subrected to the bites of intected mosquitoes: parastiological indings

Inial Maxvimum First das

No. ot Prepatent penod parasitemia parasitermia vulture

v olunteer no mosquitoes Gland rate® ndavs)t (parasites. ut) iparasites wll positives
! 1 3~ 15 18 92 N
2 1 4+ 14.5 11 tl -
3 I 2- 16.5 28 28 10
4 1 4~ NI NI Nl NI
*s 1 i- Ni NI NI NI
] 2 4 4~ 14 14 14 7
7 2 4+ 3- 14.5 Hl 1l 8
8 2 4+ 3~ NI NI NI NI
9 2 BRI R NI NI NI NI
0 2 4~ 4~ NI NI NI NI

O B L 0 8 N1 R SET TR ¥ POy IS 03 S I

DO SPOTOZONIES

.
+ The 1aterval from inoculation tu detection ot parasitemia by thick blood film.

2 The tirst dav after exposure to afected mosquitoes that £ ficiparum was present in blood estabhished in culture
N

1 = notintected.

hr without evidence of renal insuthciency. None
of the other subjects developed abnormal com-
plete blood counts or urinalyses. Liver function
tests remained normal in all subjects.

DISCUSSION

In previous studies in which mosquitoes were
infected by feeding on gametocyte cultures. vol-
unteers were challenged with 5 infected mos-
quitoes.'=” At least 45 volunteers have been ex-
posed to malaria using this method and. thus far,
100% (22,22) of unimmunized control subjects
and 91% (21,23) of the immunized subjects have
developed malaria parasitemia. In this study. ex-
posure to 1 or 2 intected mosquitoes led to par-
asitemia in only 50% of the volunteers. These
data therefore suggest that exposure to 5 infected
mosquitoes may not represent an enormous spo-

rozoite challenge. This does not provide support
tfor the hvpothesis that the level of protective
immunity induced by the first generation oi ma-
lana sporozoite vaccines could have been pro-
tective in a natural malarious environment but
was not protective in the tnals because an un-
realistically large, overwhelming sporozoite chal-
lenge was used to test its protective efficacy.’-*
The NF54 strain of P. falcipuriom was used to
challenge volunteers in previous studies. We used
the 3D7 clone of the NF54 strain. The apparent
lower rate of infectivity of the clone cannot be
explained on the basis of gland rates. In the stud-
ies that reported gland rates.'-* » mean gland rates
ranged between 1.95 and 3.8. The mcan gland
rate in this study was 3.6. It is possible that this
lower infectivity is a reflection of the poor in-
fectivity of the individual sporozoites of the clone
compared to the parent strain. However. in re-

TABLE 2
Malana infections in normal himans subjected to the bies of intected mosquitoes: clinical findings

Maxvmum Duranon ot
Volunteer no*  Incubation penodt temperaturel Symptoms signs§ Fever duration (davs) symploms tdays)
l 15 394 F.C.My.Ma,. D 1.5 2
2 15 19 F.C. My 2 2
3 16 38.5 F.C.My.H 1.5 2
4 NI NI NI NI N1
3 NI NI NI NI NI
6 14 38.2 F.C. My. Ma 2 2
7 14 39 F.C. My 2 2
8 NI Ni Ni NI NI
9 NI NI NI NI NI
10 NI NI NI N1 N1

* Subjects 1-5 recerved | ite from an intected mosguito. subjects - 10 recerved 2 bites trom intected mosquitoes
t Days tfrom exposure to intected mosquitoes to onset of climcal ssmptoms

¢ Degrees
ST - fayver € = chills. My = myalgias. Ma = malaise. 1) - darrhea. H

- headache. NI = not intected
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cent studies. 3 out of 3 subjects were successfully
intected by 3 bites from mosquitoes carrving spo-
rozoites of the 3D7 clone of NF54 (J. Egan. Wal-
ter Reed Army Institute of Research. Washing-
ton. DC. personal communication). while only
{ of 3 volunteers was infected when bitten by 2
mosquitoes infected with NF54 (L. Fries. Johns
Hopkins University, Baltimore. MD. personal
communication). This suggests that the infectiv-
ity of NF54 and the 3D7 clone of the NF54 strain
are similar.

Nonetheless. it is difficult 1o explain the pro-
longed picpatent period of 14~ 16.5 days without
invoking a biologic difference in the parasites. In
previous studies.'- " the prepatent period of con-
trols has ranged from 7 to 11 days with a median
of 10 days, and parasites have been first cultured
from blood taken 6.5-7 days after exposure. In
this study, parasites were first cultured from the
blood 7-10 days after exposure, indicating that
there has been no apparent change in the time
required for the development of mature liver
schizonts. The erythrocytic cycle of P. falciparum
is ~48 hr. and each mature blood stage P. fal-
ciparum schizont has an average of 16 merozo-
ites. If 10 of these merozoites are able to suc-
cessfully infect other erythrocytes. one would
expect a 10-fold increase in parasitemia every 2
days. a 100-fold increase in 4 days, and a 1.000-
tfold increase in 6 days. It is difficult to explain
a 4-6 day delay in patency that would reflect a
100-1.000-fold decrease in the number of par-
asites based only on the difference between 2 and
3 infective bites. This is not the first descrniption
of a strain-dependent variation in prepatency. In
a study comparing 3 P. falciparum strains (Pan-
ama, McLendon. and Santee-Cooper), mean pre-
patency peniods were 10.3. 13. and 9.8 days. re-
spectively.'! In another study of 60 subjects. the
prepatency periods of the strains used vaned not
only between strains but also over time.” It re-
mains unclear, however, whether the changes re-
sponsible for the differences in prepatent periods
involve the injection of 100-1,00C times fewer
sporozoites. a great reduction in the number of
sporozoites reaching maturity in the liver. the
production of far fewer infective merozoites. or
the prolongation of the erythrocytic cyvcle.

Others have suggested that there may be a di-
rect correlation between salivary gland load and
number of sporozoites injected.” * and that the
short prepatent period in some studies could be
explained on this basis. Among the volunteers

RICKMAN AND OTHERS

who became infected. there was a correlation be-
tween the numbers of sporozoites in the salivary
glands and the prepatent periods and days untif
parasites were cultured from the blood. How-
ever. the salivary gland indices were equivalent
in those mosquitoes that fed on the volunteers
who did not hecome intected (Table 1). The im-
portant relationships among salivary gland in-
dex. number and infectivity of sporozoites in-
jected. infection rate in the human population.
and prepatency period remain unclear. It may
be that salivary gland index will prove to be a
poor predictor of the numbers ot sporozoites in-
jected.

More than 15 vears ago. field studies indicated
that most exposures to sporozoite-infected mos-
quitoes did not fead to transmission of malaria.'®
More recent studies in Kenva have led to simlar
conclusions (C. Oster, Walter Reed Army Med-
ical Center, Washington DC. personal commu-
nication). Our findings also support this view
that while the entomologic inoculation rate re-
tlects the transmission rate of malaria. it cannot
be used to quantitatc directly the transmission
rate. Whether this is due to the failure of some
mosquitoes to transmit sporozoites. or the lack
of infectivity of the sporozoites which are trans-
mitted, is unknown. A recent study indicates that,
under laboratory conditions. the number of spo-
rozoites ejected by infected mosquitoes can vary
by 3 orders of magnitude.'”

An imporiant finding in this study. as in earlier
studies. 1s that parasitemia was detected early so
that appropriate chemotherapy could be rapidly
initiated. Due to this rapid diagnosis. symptoms
and signs were minimal and brief.

The criteria that predict the degree of infec-
tivity of mosquitoes are not known. This leaves
the vaccine developer uncertain about how many
mosquito bites to use in a sporozoite vaccine
trial. Too few bites by infected mosquitoes can
leave one with uninfected control subjects and a
loss of the ability to demonstrate protective ef-
ficacy. Too many bites by infected mosquitoes
may deliver a large bolus of sporozoites. thereby
overwhelming an immune response that would
have provided protection against | bite received
in the ficld. Five intective bites have been shown
repeatedly to produce 100% infectivity in hu-
mans.'~ and since | or 2 bites by intected mos-
quitoes do not produce consistent infections in
volunteers. continuing 1o use 5 bites 1s reason-
able.
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